Purpose: To accelerate the quantitative ultrashort echo time imaging using a time-efficient 3D multispoke Cones sequence with magnetization transfer (3D UTE-Cones-MT) and signal modeling. Theory and Methods: A 3D UTE-Cones-MT acquisition scheme with multispoke per MT preparation and a modified rectangular pulse (RP) approximation was developed for twopool MT modeling of macromolecular and water components including their relative fractions, relaxation times and exchange rates. Numerical simulation and cadaveric specimens, including human Achilles tendon and bovine cortical bone, were investigated using a clinical 3T scanner. Results: Numerical simulation showed that the modified RP model provided accurate estimation of MT parameters when multispokes were acquired per MT preparation. For the experiment with the Achilles tendon and cortical bone samples, the macromolecular fractions were 20.4 6 2.0% and 59.4 6 5.3%, respectively. Conclusion: The 3D multispoke UTE-Cones-MT sequence can be used for fast volumetric assessment of macromolecular and water components in short T 2 tissues.
INTRODUCTION
Conventional clinical MRI sequences can only assess tissues with relatively long T 2 s. Many joint tissues or tissue components, such as the deep radial and calcified cartilage, menisci, ligaments, tendons and bone have short T 2 s and show little or no signal with clinical sequences. Ultrashort echo time (UTE) sequences, with echo times (TEs) less than 0.1 ms, have been increasingly used on clinical MR scanners to directly image collagen-rich short T 2 tissues or tissue components (1, 2) . However, these tissues contain not only water, but macromolecule components such as collagen and proteoglycans (PGs). These macromolecules have extremely fast signal decay and remain "invisible" with all conventional clinical sequences as well as UTE sequences (3, 4) . Quantifying both water and macromolecule components in both short and long T 2 tissues, rather than just focusing on water in the longer T 2 components in one specific tissue (e.g., articular cartilage), is likely to improve the sensitivity of MRI for the early diagnosis of osteoarthritis (OA).
Magnetization transfer (MT) imaging has been used for indirect assessment of macromolecules in biological tissues (5) . Conventional MT sequences use off-resonance saturation pulses to selectively saturate the proton magnetization of immobile macromolecules and indirectly saturate the magnetization of water protons. The simplest approach is to measure magnetization transfer ratio (MTR), which provides a measure of the magnetization change before and after the MT pulse. Reduction of MTR has been shown to be associated with collagen degradation and PG depletion (6) . However, the measured MTR depends on many factors such as the specific details of the pulse sequence (i.e., MT power and frequency offset) and hardware (7) , and does not provide quantitative information on macromolecular and water components in tissues.
In comparison, MT modeling provides lots of quantitative information, such as the fractions, relaxation times and exchange rates of different proton pools, which can be more promising than MTR in clinical use (8) (9) (10) (11) . Furthermore, the MT modeling parameters are magic angle insensitive as demonstrated by our recent studies of Achilles tendon samples using a 2D UTE-MT sequence, where tendon T Ã 2 varied by more than sevenfold while fractions and exchange rates varied by less than 10% when the sample orientation was changed from 0 to 55 relative to the B 0 field (12). In the past two decades, many groups have been dedicated to developing quantitative MT techniques. Henkelman et al introduced two-pool MT modeling and used non-Lorentzian lineshapes for the macromolecular pool with continuous wave (CW) irradiation (8) . Chai et al introduced on-resonance binomial pulse saturation of the macromolecules to estimate MT parameters (13) . Pulsed MT sequences with much lower specific absorption ratio (SAR) compared with the CW sequence would be more appropriate for clinical use. Three of the most widely used models are based on the pulsed MT sequence, including those developed by Sled and Pike (9,10), Yarnykh et al (12) ), and Ramani et al (11) . Sled and Pike proposed a rectangular pulse (RP) approximation of the MT pulse for the continuous saturation of the macromolecular pool and an immediate saturation approximation at the center of the RP pulse on the water pool for both MT and excitation pulses. The Sled and Pike RP model provided reliable and accurate estimation of the exchange and relaxation properties of agar gel phantoms and human brains (9,10). Yarnykh et al proposed a similar RP approximation (14) . However, the saturation effects of both the MT and excitation pulses on the water pool were not considered. Ramani et al proposed a CW power equivalent (CWPE) model which averaged the power of the short MT pulse to the entire repetition time (TR) period without consideration of the excitation pulse (11) . Thus, compared with the Yarnykh and Ramani models, the Sled and Pike RP model was more comprehensive because both the MT and excitation pulses were considered in the modeling (15, 16) .
However, conventional quantitative MT techniques are not applicable to short T 2 tissues such as tendons and cortical bone. Furthermore, multiple series of MT datasets with different MT powers and frequency offsets need to be acquired for MT modeling. This can be very time consuming, especially when volumetric imaging is used. More recently, a 3D multispoke UTE-Cones sequence has been used to improve scan efficiency (17) . An extension of the original Sled and Pike RP model, which accounts for multispoke acquisition may be most appropriate for modeling. In this study, we proposed a 3D multispoke UTE Cones MT sequence (3D UTE-Cones-MT) and a modified RP model to accelerate quantitative MT imaging of the Achilles tendon and cortical bone using a clinical 3T whole-body scanner.
THEORY

Two-Pool MT Modeling
The two-pool MT model divides the spins within a biological tissue into two pools: (i) a water pool composed of water protons and (ii) a macromolecular pool that consists of macromolecular protons (8) . Each pool has its own set of intrinsic relaxation times. Magnetization exchange between the pools is modeled by a first-order rate constant (R). Henkelman et al were among the first to incorporate modified Bloch equations into the mathematical description of the MT phenomenon by usage of non-Lorentzian lineshapes for the macromolecular pool, which is shown as follows (8) (9) (10) (11) :
where M w;m 0 are the fully relaxed magnetization of water and macromolecular pools, respectively. M w;m x;y;z are the x, y and z components of the magnetization of water and macromolecular pools, respectively. w 1 is the angular frequency of precession induced by the off-resonance MT pulse. Df is the frequency offset of the MT pulse in Hz. R 1w;1m are the longitudinal rate constants and T 2w;2m are the transverse relaxation times. R RFm is the rate of longitudinal magnetization loss of the macromolecular proton pool due to the direct saturation of the MT pulse, which is related to the absorption lineshape Gð2p DfÞ of the spins in the macromolecular pool. This is given by:
Gð2pDfÞ: [5] Because the protons in the macromolecular pool do not experience the motional narrowing which those in the free pool do, their spectrum cannot be characterized by a Lorentzian lineshape function. Gaussian and superLorentzian lineshapes have been reported to provide good representations for the macromolecular pool (8, 9) . The Gaussian and super-Lorentzian lineshapes are expressed as G G ð2pDfÞ and G sL ð2pDfÞ, respectively:
where u is the angle between the B 0 and the axis of molecular orientation.
Two-Pool Model Parameter Estimation
Sled and Pike proposed a two-pool MT model for pulsed imaging to simplify Equations [1] [2] [3] [4] [5] [6] [7] (9,10). Here, we extend their model for multispoke pulsed imaging (i.e., one MT pulse preparation followed by multiple acquisitions) to reduce the data acquisition time (Fig. 1) . The effect of an MT pulse on the macromolecular pool is modeled as an RP approximation whose width is equal to the full width at half maximum of the curve obtained by squaring the MT pulse throughout its duration. The RP has equivalent average power to that of the original MT pulse. On the other hand, the effect of the MT pulse on the water pool is modeled as an instantaneous fractional saturation of the longitudinal magnetization. Such instantaneous satration ðS 1w Þ is estimated by numerically solving Equations [1] , [3] , and [4] when R and R 1w are set to 0. For the excitation pulses, the instantaneous saturation of water component is cos
Nsp ðaÞ, where a is the excitation flip angle and N sp is the number of spokes or excitations after each MT pulse preparation. This suggests that the saturation effects of all the excitation pulses occurred precisely at the middle of the RP pulse. The original Sled and Pike RP model is a specific case of the modified model with N sp ¼ 1.
Equations [1] and [2] can be written in matrix form:
with and [2] . Here, only the longitudinal components are considered for computation and the transverse components are assumed to be negligible due to relaxation and spoiling (9) . Thus, instantaneous saturation of water pool, caused by both MT and excitation pulses, is simply described by multiplying M z by the saturation matrix S:
After instantaneous saturation, the longitudinal magnetization becomes (assuming starting time t 0 ):
The longitudinal magnetization after a period t 1 is given by the matrix form solution of Equation [8] for either CW or free precession (FP):
According to the RP approximation, during the time interval (i.e., one TR) between adjacent MT pulses, M z successively undergoes instantaneous saturation, CW irradiation for a period t RP =2, FP for a period (TR-t RP ) and CW for another t RP =2. Within a steady state, the equality is generated:
M z is obtained by solving this equation in matrix form. Finally the observed signal SIðw 1 ; Df Þ is given as follows:
The more explicit formula derivation can be found in Appendix section. There are in total seven parameters is the proton exchange rate from water pool to macromolecular pool. As in previous work, R 1m is fixed to 1 s À1 without affecting fitting results of other parameters (8) . In addition, if R 1obs ð¼ 1=T 1 Þ is known, R 1w can be obtained from other parameters (8) (9) (10) (11) (12) :
The final number of independent parameters is, therefore, reduced to five, which can be estimated by fitting Equation [13] using five or more measurements with different combinations of w 1 and Df .
METHODS
Pulse Sequence Figure 1 shows the 3D UTE-Cones-MT sequence implemented on a 3T Signa TwinSpeed scanner (GE Healthcare Technologies, Milwaukee, WI). The 3D multispoke UTE-Cones sequence (Fig. 1a) uses N sp short radiofrequency (RF) rectangular pulses (duration ¼ 26 ms) for signal excitation (Fig. 1b) , followed by 3D spiral trajectories with conical view ordering (Fig. 1c) (17) . The 3D UTE-Cones sequence allows for anisotropic resolution (e.g., high in-plane resolution and thicker slices) for much improved signal-to-noise ratio (SNR) and reduced scan time relative to isotropic imaging. The MT preparation pulse was a Fermi pulse of 8 ms duration (spectral bandwidth ¼ 0.8 kHz), maximal B 1 of 24 mT and 1740 maximal saturation flip angle, which provided an improved spectral profile compared with a rectangular pulse and higher efficiency (i.e., larger duty cycle) compared with Gaussian pulse (18) . The 3D Cones images acquired with a series of MT pulse powers and offresonance frequencies were used for two-pool MT modeling.
Because MT modeling requires repeated data acquisition with a series of MT powers and frequency offsets, the associated long scan time is a big challenge. To reduce total scan time, several spiral spokes ðN sp Þ can be acquired after each MT preparation pulse (total scan time being reduced by a factor of N sp ) (Fig. 1a) . This time efficiency greatly benefits clinical applications. The accuracy of this approach was evaluated by means of simulation (details below).
Numerical Simulations
We used the following MT parameters to compare our modified RP model with both the original Sled and Pike RP model and conventional CWPE model (11) with Bloch simulations from Equations [1] [2] [3] [4] . The following parameters were used in the simulation:
4ms. Both Gaussian and Super-Lorentzian lineshapes for the macromolecular pool were tested. The sequence parameters were as follows: TR ¼ 100 ms, flip angle ¼ 7 , MT powers ¼ 500
, and 1500 , 30 MT frequency offsets from 2 kHz to 50 kHz, and N sp from 1 to 11. A Fermi pulse (duration ¼ 8 ms, bandwidth ¼ 160 Hz) was used for MT saturation. The duration between MT and the first excitation pulse was 5 ms. The duration between two adjacent excitation pulses was also 5 ms.
In Vitro Sample Study
Three human Achilles tendon specimens and three mature bovine cortical bone samples were used for evaluation of the 3D UTE-Cones-MT modeling with different excitation spokes. A home-built 1-inch solenoid coil was used for the Achilles tendon samples. A wrist coil (BC-10, Medspira, Minneapolis, MN) was used for cortical bone samples. The Cones-MT imaging protocol included: TR ¼ 100 ms, TE ¼ 32 ms, flip angle ¼ 7
, field of view ¼ ) and a series of frequency offsets ranging from 2 to 50 kHz for a N sp of 1 (a), 5 (b), and 9 (c) using a Super-Lorentzian lineshape. The modified RP model fits much better than the CWPE model. MT parameters including f (d), T 2w (e), T 2m (f), RM 0w (g), and R 1w (h) are plotted against N sp ranging from 1 to 11. MT parameters derived from the modified RP model show little variability with N sp , while those from the CWPE model show significant variation with N sp .
10 Â 10 Â 5 cm 3 for cortical bone (5 mm slice thickness) and 8 Â 8 Â 2 cm 3 for tendon (2 mm slice thickness), acquisition matrix ¼ 128 Â 128 Â 10 N sp from 1 to 11 to test the modified RP model, the duration of each spoke is 4.8 ms and readout bandwidth is 125 kHz; three MT powers (300 , 700 , and 1100 ) and five MT frequency offsets (2, 5, 10, 20 and 50 kHz), with a total of 15 different MT datasets. The total scan time was 59.5, 19.8, 12, 8.5, 6.8, and 5.5 min corresponding to N sp ¼ 1, 3, 5, 7, 9, and 11, respectively. T 1 was measured using a 3D UTECones acquisition with the same spatial resolution and a series of TRs (6, 15, 30, 50, 80 ms) with a fixed flip angle of 25 in a total scan time of 7.2 min.
Data Analysis
The analysis algorithm was written in Matlab (The MathWorks Inc., Natick, MA) and was executed offline on the DICOM images obtained by the 3D UTE-Cones-MT protocols described above. Two-pool UTE-Cones-MT modeling and parameter mapping were performed on the tendon and bone samples. Mean and standard deviation of macromolecular proton fraction, relaxation time, exchange rates and water longitudinal relaxation were calculated. Figure 2 shows simulations of the two-pool MT model with a Super-Lorentzian lineshape, and a series of N sp ranging from 1 to 11. The MT parameters were obtained from both RP and CWPE models by fitting the numerical simulated data. The new, modified RP model outperformed the CWPE model especially when more spokes were acquired per MT preparation. For a representative N sp of 9, the CWPE model underestimated macromolecule fraction by more than 25% and RM m 0 by 60%, and overestimated T 2w by more than 50%. In comparison the modified RP model can accurately estimate all these parameters, with less than 3% error for f , T 2m and R 1w . Slightly increased errors were observed for T 2w and RM m 0 , but still less than 10% for a N sp of 9. Very similar results were observed for the Gaussian lineshape, as shown in Figure 3 . Figure 4 shows selected 3D UTE-Cones-MT images of a human Achilles tendon sample with two different MT powers (300 and 1100 ) and five off-resonance frequencies (2, 5, 10, 20, 50 kHz). The clinically MR "invisible" Achilles tendon showed high signal on all Cones-MT images, allowing accurate two-pool MT modeling as shown in Figure 4k . A Super-Lorentzian lineshape was used for MT modeling. The MT parameters were relatively constant with different N sp , further demonstrating the robustness of our new, modified RP model. The high quality UTE-Cones-MT images also allowed for mapping of two-pool MT parameters. RM 0m showed increased variation suggesting that this parameter was subject to greater uncertainty. The MT modeling result (N sp ¼ 9) of and R 1w ¼ 1.7 6 0.1 s À1 with T 1 ¼ 639.7 6 49.9 ms. The results were similar to previous reported results especially for the macromolecular fractions (12, 19) . Figure 5 shows selected 3D UTE-Cones-MT images of a cortical bone sample with two different MT powers (300 and 1100
RESULTS
) and five off-resonance frequencies (2, 5, 10, 20, 50 kHz). Cortical bone was depicted with high signal and spatial resolution on all UTE-Cones-MT images. The collagen in cortical bone is more solid-like in comparison to typical soft tissues such as tendon, therefore, we used the Gaussian lineshape in cortical bone for two-pool MT modeling. The MT parameters for bovine cortical bone were relatively constant with different N sp , except for one parameter, T 2w , which showed increased error with increase fo N sp ($40% overestimation for a N sp of 9). The lower half of this bovine cortical bone sample showed increased signal intensity, which was in consistent with the reduced collagen proton fraction, RM m 0 and R 1w . The MT modeling results (N sp ¼ 9) of the three cortical bones samples were as follows: f ¼ 59.4 6 5.3%, T 2m ¼ 13.9 6 0.6 ms, RM , and R 1w ¼ 9.9 6 0.6 s À1 with T 1 ¼ 237.7 6 16.7 ms.
DISCUSSION
MT modeling requires data acquisitions with several saturation pulse powers and frequency offsets. It may lead to excessively long scan time, making it difficult for clinical translation. Typical 3D UTE-Cones-MT imaging is even more time-consuming because of the high MT power (e.g., > 1000 ) which requires a relatively long TR to reduce SAR and a large number of volumetric encoding steps. Here, we used a fast multispoke acquisition scheme for 3D UTE-Cones-MT imaging and modified the RP model to fit the multispoke pulsed MT sequence. More than 59.5 min would be needed for the acquisition of 15 MT datasets if only one spoke was acquired per MT preparation. With the introduction of the multispoke approach (e.g., 9) per MT preparation, the total scan time for UTE-Cones-MT modeling can be reduced to less than 6.8 min which is clinically feasible.
To reduce errors associated with this multispoke approach, the modified RP model was proposed, which performed much better than the widely used CWPE model (11) . The modified RP model results in nearly constant macromolecular fraction f, T 2m , R 1w , and RM 0m , although T 2w showed greater errors with increasing N sp . The 3D multispoke UTE-Cones-MT sequence together with the modified two-pool RP modeling largely preserved accuracy in estimating macromolecular and water fractions, relaxation times, and exchange rates. Furthermore, the proposed model might be more broadly applicable in that it may be applied to other segmented gradient echo sequences (such as FLASH), in addition to the UTE-Cones sequence.
Our study was largely consistent with the results from Sled and Pike (9, 10) , who investigated quantitative interpretation of MT in spoiled gradient echo MRI sequences, which is the class to which the 3D UTE-Cones sequence belongs. In their simulation study, they noted that there is little benefit in choosing more than two MT powers for MT modeling (9) . This suggests that we can further reduce (s) and, R 1w (t) are also displayed. RM 0m showed increased variation likely due to the greater uncertainty in estimating this parameter using the modified RP model. scan time by using only two MT powers. Higher MT powers can saturate macromolecular protons more effectively, allowing more accurate MT modeling. However, proper consideration should be given to the MT powers that are used because higher MT power will generate higher SAR, which can be problematic, especially for in vivo studies.
In this study, we focused on the MT effect in short T 2 tissues such as cortical bone and the Achilles tendons which are "invisible" with conventional clinical MRI sequences. The Fermi-shaped pulse with high duty cycle used in our study is more efficient than Gaussian shaped pulses in saturating signal from short T 2 tissues, facilitating MT modeling of water and macromolecular components in those tissues (18) . Besides, the Fermi shaped RF pulse is more similar to rectangular pulse than Gaussian shaped pulses. Thus, Fermi pulse is more preferred for the RP model. The macromolecular components have a broad lineshape with a T 2 around a few microseconds. Thus, a wide range of offresonance frequencies and MT powers can generate a broad range of signal saturation. For MT modeling, the acquired data with a wide range of saturation including high saturation to nonsaturation conditions are needed for accurate model fitting because there are a total of five fitting parameters. The choice of lineshape for macromolecular pool is also consistent with the literature (8) (9) (10) (11) . A Super-Lorentzian lineshape was used for the Achilles tendon, while a Gaussian lineshape was used for cortical bone which has a much shorter T 2 (8, 20) .
In this study, we focused on MT modeling of short T 2 tissues. However, MTR could also be calculated. Although T Ã 2 imaging has shown some promise in previous studies, it is highly sensitive to the magic angle effect (12, (23) (24) (25) . The most significant advantage of the UTE MT modeling is the magic angle insensitivity, as demonstrated in Ma et al (12) . When the tissue fibers are oriented near 55 relative to the B 0 field, their values may be increased by more than 100%. The MT modeling parameters other than T macromolecular fraction and exchange rates) vary less than 10% between different angular orientations.
There are several limitations of this study. First, the total data acquisition time is still relatively long especially with higher image resolution and more coverage. Scan time may be further reduced by using advanced parallel imaging and compressed sensing reconstruction (26) . Second, both B 0 and B 1 inhomogeneity can cause quantitative errors in MT modeling. Numerical simulation shows that 6% error in B 1 or 1.3 kHz off-resonance will lead to 10% error in macromolecular fraction. MT modeling is more sensitive to B 1 errors and less sensitive to B 0 errors. In addition, cones readout are sensitive to the center frequency offset (i.e., B 0 inhomogeneity), which will cause off-resonance artifacts. The artifacts will also lead inaccuracy of MT quantification. Thus, B 1 and B 1 correction should be helpful for more accurate MT quantification. In future studies, we will use a combination of the UTE-Cones sequence and the actual flip angle imaging (AFI) technique to map B 1 inhomogeneity, allowing more accurate measurement of T 1 and MT parameters (27) . B 0 inhomogeneity will be measured with a dual-echo UTE-Cones sequences. Third, the sensitivity of the MT parameters to early tissue degeneration was not investigated. Our next step is to apply the 3D UTE-Cones-MT technique to cadaveric knee joint specimens and correlate the MT parameters to tissue degeneration with histological correlation. Fourth, clinical evaluation of the 3D UTE-Cones-MT technique on patients remains to be investigated.
The 3D UTE-Cones-MT sequence opens the door to systematic evaluation of short T 2 tissues such as the deep radial and calcified cartilage, menisci, ligaments, tendons and cortical bone, including their macromolecular and water components. Importantly, these MT biomarkers are magic angle insensitive (12) . We expect that this technique will provide considerable value for the early detection of diseases such as OA and for monitoring the effects of therapy.
CONCLUSIONS
We have demonstrated a reliable method (i.e., the combination of the 3D multispoke UTE-Cones-MT sequence and modified RP model) for fast volumetric quantification of macromolecular and water components in short T 2 tissues. By using a multispoke acquisition after each MT pulse, our proposed method was more time efficient than the original RP model, and showed higher accuracy compared with the CWPE model. We expect that this technique will be useful for detecting changes in relevant diseases such as OA.
APPENDIX
According to the RP approximation, M z successively undergoes instantaneous saturation (i.e. S), CW irradiation for a period of half RP duration t RP =2, FP for a period (TR-t RP ) and CW for another half RP duration t RP =2 in a TR. The following is the magnetization precession in a TR (assuming t 0 ¼ 0 for simplification):
